Spontaneous rhythmic neuronal activity is generated in the developing vertebrate nervous system. The patterned activity spreads diffusely throughout the fetal neuraxis. Here we demonstrate the ability of the fetal rat spinal cord and medulla to generate and transmit robust rhythmic patterns in the absence of synaptic activity. Regular rhythmic discharges were 
INTRODUCTION intracellular Ca
2+ effects. Whole cell current clamp recordings were performed with an npi SEC05LX amplifier (npi, Tamm, Germany). Liquid junction potentials were corrected before seal formation with the compensation circuitry of the patch clamp amplifier. Data were digitized with an analog-to-digital interface (Digidata 1322a, Axon Instruments), and analyzed with the use of pCLAMP 9.0 (Axon Instruments). Recordings from neurons with a stable resting membrane potential -45 mV and action potential amplitudes 50 mV were analyzed. XII MNs reside in a relatively homogeneous nucleus (< 5% are interneurones) (Viana et al., 1993) and are easily identifiable under infrared differential interference contrast microscopy. They can be identified by location in the slice, characteristic morphology and large diameter somata.
Drugs
Stock solutions of drugs were prepared as concentrates. All drugs were added to the perfusate by switching to reservoirs containing the appropriate test solution. The following drugs were used: 6-cyano-7-nitroquinoxaline-2.3-dione (CNQX), bicuculline, strychnine, glycine, dtubocurarine, riluzole, tetrodotoxin (TTX), tetraethylammonium chloride (TEA), dantrolene, carbenoxolone, doxyl-stearic acid, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrapotassium salt (BAPTA), BAPTA acetoxymethyl ester (BAPTA-AM), dizocilpine maleate (MK-801) and suramin. Drugs were purchased from Sigma (St. Louis, MO) or RBI (Oakville, ON).
Optical imaging with a voltage-sensitive dye
Experiments were performed using spinal cord preparations isolated from E17 Wistar (n=5) and Sprague-Dawley (n=4) rat embryos (Saitama Experimental Animals Supply Co, Saitama, Japan). The preparations were labeled by incubating for 5-10 min in a solution containing 0.4 mg/ml of the voltage-sensitive dye merocyanine-rhodanine NK2761 (Hayashibara Biochemical Laboratories, Kankoh-Shikiso Kenkyusho, Okayama, Japan). The preparations were then placed in a recording chamber with the ventral side facing up and visualized with an Eclipse E800 microscope (Nikon, Tokyo, Japan). The optical recording system used was similar to that described previously (Momose-Sato et al., 2001) . In brief, bright-field illumination was provided by a 300 W tungsten-halogen lamp driven by a stable DC-power supply and incident light was collimated and rendered quasi-monochromatic with an interference filter with a transmission maximum at 699±13 nm (half width) (Asahi Spectra Co, Tokyo, Japan). The objectives (Plan Apo, ×4, 0.2 NA or ×2, 0.1 NA) and photographic eyepiece (×2.5) projected an image of the preparation onto a 34×34-element silicon photodiode matrix array mounted on the microscope. Changes in transmitted light intensity through the preparation were detected with the photodiode array and recorded with a 1020-site optical recording system constructed in the Momose-Sato and Sato laboratory. Each pixel (element) of the array detected light transmitted by a square region (116×116 µm 2 using ×10 magnification) of the preparation. The optical signals were amplified (time constant of AC coupling = 3 sec), passed through an RC low-pass filter (time constant = 470 µsec), digitized with a 16-bit dynamic range, and sampled at 1024 Hz.
The recordings were made in single sweeps, and no off-line filtering was used. I after staining /I before staining in the spinal cord averaged 34%, and regional differences were small. Thus, the optical signals were presented as I/I after staining (the change in the transmitted light intensity divided by the incident light intensity). Spatiotemporal images were constructed using NeuroPlex software (Red Shirt Imaging LLC, Fairfield, CT, USA). During optical recording, the spontaneous motor discharge on lumbar ventral roots (L1-L3) was recorded with suction electrodes. Signals were amplified with filters set at 0.08 Hz and 1 kHz, and digitally recorded at 4 kHz with an analogto-digital converter (MacLab/8S, AD Instruments, Castle Hill, Australia), or fed into one channel of the analogue-to-digital converter of the 1020-site optical recording system.
RESULTS

Characterization of rhythmic activity
Electrophysiological recordings from spinal cord preparations: Fig. 1A illustrates the spontaneous rhythmic bursting in a spinal cord isolated from an E17 fetal rat maintained in standard in vitro conditions with 1.5 mM [Ca 2+ ] o . As previously reported (Ren and Greer, 2003) , preparations isolated from fetal rats generated 4-12 second duration rhythmic bursts occurring with an interburst interval of 2-3 minutes that occur bilaterally along the neuraxis (Table 1) . In contrast, the longer duration rhythms generated in 0.5 mM and zero [Ca 2+ ] o persisted in the presence of the cocktail of receptor antagonists (Fig. 1, right ] o . The preBötC is composed of neurons located ventrolateral to the nucleus ambiguous that are thought to be important for respiratory rhythm generation (Smith et al., 1991 ] o were not perturbed by the addition of a cocktail of receptor antagonists used to block synaptic transmission ( Fig. 4B ), but were blocked by TTX (1 µM). , 1997; Butera et al., 1999; Darbon et al., 2004) and thus were examined in this study.
The rhythmic bursting in zero [Ca 2+ ] o was abolished in the presence of the non-specific blocker of I Nap riluzole (1-10 µM, Fig. 6A ). The effects of riluzole (5 µM) took between 5-20 minutes and were reversible upon wash-out (1-2 hrs) in 58% of preparations tested (n=12). A voltageclamp ramp protocol (30 mV/s) was used to demonstrate the presence of I Nap and the blocking effect of riluzole in XII motoneurons (Fig. 6B) . The peak I Nap was 169±75 pA (n=6) at a membrane potential of -35 mV.
We evaluated the potential role of intracellular free Ca 2+ in generating the long-duration bursts. nor K + conductances are necessary for the induction of bursting (Fig. 7B-D) .
Involvement of gap junctions
Gap junctions are prominent amongst neurons and glia (Kiehn and Tresch, 2002) and medullary slice preparations (n=7, Fig 8C) . However, whole-cell recording in XII motoneurons demonstrated that XII motoneurons bursting continued in the presence of doxylstearic acid.
Functional hemichannels also exist in isolation in the plasma membrane and can mediate the liberation of small molecules such as ATP and glutamate into the extracellular milieu with decreased extracellular [Ca 2+ ] o (Hofer, 2005) . Thus, we performed the additional experiment of including the non-specific purinergic receptor antagonist suramin (1 mM) to the receptor antagonist cocktail to examine whether the release of ATP could have a role in the generation or transmission of the rhythms. There were no significant changes in the rhythmic bursts generated by E17 preparations bathed in zero [Ca 2+ ] o with the addition of the suramin (n=3). These data are consistent with the hypothesis that there are additional mechanisms beyond gap junctions and synaptically-mediated events to account for the strikingly wide-spread distribution of fetal rhythmic motor discharge. We propose that the following mechanisms are interacting and working in concert to transmit fetal rhythmic discharge. 1) The primary mechanism for the generation and control of the timing of rhythmic bursting is via synaptically mediated transmission that involves acetylcholine, GABA, glycine and excitatory amino acids, all of which have excitatory actions (Nishimaru et al., 1996; Chub and O'Donovan, 1998; Milner and Landmesser, 1999; Hanson and Landmesser, 2003; Ren et al., 2003) . The overall balance of which neurotransmitter systems contribute to the generation and spread of rhythmic discharge changes with age. The extent to which neurons in distant regions extending from the lumbar spinal cord to the ventrolateral medulla are connected via a synaptic network is unknown, but the connectivity may not be so diffuse and ubiquitous to explain the full extent of transmission of rhythmic activity. 2) There are gap junctions amongst homonymous motoneurons (Walton and Navarrete, 1991) that transmit and synchronize activity. Further, there is evidence for some coupling amongst heterogeneous motoneuronal populations early in development (Kiehn and Tresch, 2002; Bittman et al., 2004) . The extent of gap junction coupling between nonmotoneuronal populations is unclear. However, there is no evidence for the extensive gap junction connectivity amongst neurons required to account for the spread of rhythmic activity along multiple axes of the spinal cord and brainstem. 3) Data from this study indicates there are additional non-synaptic mechanisms that are capable of facilitating the diffuse spread of rhythmic neural activity throughout the neuraxis. These could include ephaptic coupling or field effects involving the generation of large extracellular currents and potential fields that alter the excitability of neighboring neurons and/or the synchronization of neuronal population activity (Jeffreys, 1995 , Dudek et al., 1998 Bikson et al., 1999) .
DISCUSSION
We induced the generation of rhythmic activities with our experimental paradigm by altering extracellular [Ca 2+ ] o and thus removing synaptic activity. The burst duration and interspike intervals were longer in zero [Ca 2+ ] o induced rhythms compared to those generated under the control of synaptic events, although both rhythmic patterns are wide-spread throughout the neuraxis in fetal tissue. Comparable manipulations of bathing medium ionic composition have been used to generate rhythmic discharge in hippocampal slice in vitro preparations (reviewed in Jefferys, 1995; Dudek et al., 1998) . However, this is the first evidence for a rhythmic pattern emerging in the developing fetal spinal cord in the absence of synaptic transmission.
Mechanisms underlying the generation and spread of rhythmic activity in hippocampal tissue include ephaptic and electrotonic interactions. The propagation rate of 0.5-10 mm/s observed for previous studies of the propagation of field effects in the absence of synaptic activity (Jefferys and Haas, 1982; Haas and Jefferys, 1984; Konnerth et al., 1984) There is a clear age-dependent change in the characteristics of rhythmic motor patterns generated in the developing neuraxis. At early stages of development, modest action potential or synaptic activity can result in a significant reduction in [Ca 2+ ] o and increased [K + ] o that would enhance ephaptic/electrotonic interactions with ongoing synaptic and gap-junction mediated events (Sykova et al, 1992; Stringer, 1998; Kofuji and Newman, 2004; Cohen and Fields, 2004 ).
] o was greatly diminished. That is also the developmental stage at which synaptically mediated events underlying the generation and spread of the rhythmic discharge are reduced and restricted to glutamate rather than redundant neurotransmitter systems (Ren and Greer, 2003) . At the cellular level, resting membrane potentials become more hyperpolarized, rheobase currents and chloride mediated inhibition increases in late gestation (Ziskind-Conhaim, 1988; McCobb et al., 1990; Wu et al., 1992; Xie and Ziskind-Conhaim, 1995; Rohrbough and Spitzer, 1996; Martin-Caraballo and Greer, 1999) .
It is critical from a functional perspective that these multiple developmental changes occur to minimize the spatial spread of rhythmic discharge. In the rat, there is an emergence of respiratory and locomotor rhythms within the brainstem and spinal cord at E17-E18 (Greer et al. 1992; Kobayashi et al. 2001; Ozaki et al. 1996; Ren and Greer 2003) that require restricted and selected recruitment of neuronal circuitry. This is in contrast to earlier states where the cellular, synaptic and network properties are such to maximize the successful generation and diffuse spread of general fetal rhythmic neuronal activity by multiple mechanisms. Table 1 . ] o solution. At 700 nm of the incident light (upper traces), the optical signal showed a decrease in transmitted light intensity (upward deflection in the trace), which was followed by a large, long-lasting downward signal. The voltage-dependent intrinsic bursting was suppressed by a 50 pA hyperpolarizing current and increased by a 40 pA depolarizing current and unaffected by addition of receptor antagonists. was extracted (data from left figure, solid curve) by subtracting the passive leak current (I leak ).
The inward current and negative slope region is blocked by 5 µM riluzole. 
